177 neutron spectroscopic factors for nickel isotopes have been extracted by performing a systematic analysis of the angular distributions measured from (d,p) transfer reactions. A subset of the extracted spectroscopic factors are compared to predictions of large-basis shell models in the full pf model space using the GXPF1A effective interaction, and the (f 5/2 , p 3/2 , p 1/2 , g 9/2 ) model space using the JJ4PNA interaction. For ground states, the predicted spectroscopic factors using the GXPF1A effective interaction in the full pf model space agree very well with the experimental values, while predictions based on several other effective interactions and model spaces are about 30% higher than the experimental values. For low-energy excited states (<3.5 MeV), the agreement between the extracted spectroscopic factors and shell model calculations is not better than a factor of two. The shell structure of the unstable doubly magic nucleus 56 Ni (N = Z = 28) has attracted much attention recently [1] [2] [3] [4] [5] . In most shell model calculations, the N = 28 core in 48 Ca is assumed to be a well-established closed shell. However, relativistic Hartree-Bogoliubov calculations predict a strong suppression of the N = 28 shell gap for neutron rich nuclei [6] . While experimental investigations of the 2 + energies of 36, 38, 40 Si provide evidence for the weakening of the N = 28 shell gap in nuclei with large neutron excess [7] , the evidence is inconclusive for the case of 47 Ar [8, 9] . Recent measurements of the nuclear magnetic moment of the ground state of 57 Cu, which could be viewed as a valence proton outside a closed 56 Ni core, suggests significant breaking of the f 7/2 shell [4] . To further explore the property of the single particle states outside 56 Ni, we extracted the neutron spectroscopic factors, which measure the occupancy of the valence neutrons, ranging from 57 Ni to 65 Ni isotopes. The extracted spectroscopic factors are important bench marks in evaluating different pf -shell model interactions that may be used to predict the structure of Ni or Cu nuclei, particularly the doubly-magic nucleus 78 Ni which is a major waiting point in the path of the r-process [10] . All these are of special importance for the stellar evolution and electron capture in supernovae.
The shell structure of the unstable doubly magic nucleus 56 Ni (N = Z = 28) has attracted much attention recently [1] [2] [3] [4] [5] . In most shell model calculations, the N = 28 core in 48 Ca is assumed to be a well-established closed shell. However, relativistic Hartree-Bogoliubov calculations predict a strong suppression of the N = 28 shell gap for neutron rich nuclei [6] . While experimental investigations of the 2 + energies of 36, 38, 40 Si provide evidence for the weakening of the N = 28 shell gap in nuclei with large neutron excess [7] , the evidence is inconclusive for the case of 47 Ar [8, 9] . Recent measurements of the nuclear magnetic moment of the ground state of 57 Cu, which could be viewed as a valence proton outside a closed 56 Ni core, suggests significant breaking of the f 7/2 shell [4] . To further explore the property of the single particle states outside 56 Ni, we extracted the neutron spectroscopic factors, which measure the occupancy of the valence neutrons, ranging from 57 Ni to 65 Ni isotopes. The extracted spectroscopic factors are important bench marks in evaluating different pf -shell model interactions that may be used to predict the structure of Ni or Cu nuclei, particularly the doubly-magic nucleus 78 Ni which is a major waiting point in the path of the r-process [10] . All these are of special importance for the stellar evolution and electron capture in supernovae.
Recent analysis [11] shows that aside from some states near the closed shell 40 Ca nucleus, the experimental neutron spectroscopic factors obtained from excited states and largebasis shell-model predictions agree to better than 40% for Z = 3-24 nuclei (Fig. 3 of Ref. [11] ). However, there are large discrepancies between the excited state neutron spectroscopic factors and predictions for the Ni nuclei. Since only a subset of the SF's which have matched states in the shell model calculations are included in the global analysis [11] , the main objective of the current paper is to publish all the neutron spectroscopic factors obtained from the analysis of the Ni isotopes. The present work also presents comparison of the ground state neutron spectroscopic factors in details. Unlike the excited states, the ground state neutron spectroscopic factors can distinguish different interactions used in largebasis shell model (LB-SM) calculations. We found that the data agree with the LB-SM predictions when the GXPF1A effective interaction in the full pf model space is used, while the agreement is not as good when other interactions are used.
For the present work, we extract the neutron spectroscopic factors of nucleus B in the reactions of A(d,p)B and B(p,d)A where the nucleus B is considered to be composed of the core A plus the valence neutron n. Following previous work [11] [12] [13] [14] the experimental spectroscopic factor is defined as the ratio of measured cross sections to the cross sections calculated with a reaction model. A priori, transfer reactions do not yield absolute spectroscopic factors as the analysis depends on other input parameters such as the geometry of the neutron bound state wave function as well as the optical potentials used in the reaction model [14] . However, if the analysis utilizes a consistent set of parameters, the relative spectroscopic factors could be determined reliably [11] [12] [13] [14] . We choose the analysis approach of references [12] [13] [14] as the ground state spectroscopic factors obtained agree with the large-basis shell model predictions to ∼20%, which are similar to the experimental uncertainties of the extracted spectroscopic factors [12] [13] [14] . The reaction model used for the (p,d) and (d,p) reactions is the Johnson-Soper adiabatic three-body model that calculates the theoretical angular distributions [15] assuming unity spectroscopic factors. The adiabatic distorted wave approximation (ADWA) model takes into account the deuteron breakup in the mean field of the target. In the reaction model calculations, the global nucleon-nucleus optical potentials in Ref. [16] are adopted. The potential binding the transferred neutron to the core is chosen to have Woods-Saxon shape with fixed radius and diffuseness parameters, r 0 = 1.25 fm and a 0 = 0.65 fm. The depth of the central potential well is adjusted to reproduce the experimental separation energies. All calculations make the local energy approximation (LEA) for finite range effects [17] [18] . Nonlocality corrections with range parameters of 0.85 fm and 0.54 fm are included in the proton and deuteron channels [19] . We use the same source of input parameters for all the reactions analyzed here. The transfer reaction calculations are carried out using the code TWOFNR [20] which respects detailed balance between (p,d) and (d,p) reactions that connect the same states.
We extracted the neutron spectroscopic factors of 57, 59, 61, 62, 63, 65 Ni isotopes, using the angular distributions measured in (d,p) reactions found in the literature [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . We supplement these data sets with neutron ground state spectroscopic factors determined from 58, 60, 61, 62 Ni(p,d) reactions [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] which should be the same as those determined from the inverse (d,p) reactions from detailed balance. To evaluate the effectiveness of the residual interactions and the model space used in the pf shell, these values will be compared to predictions from shell model calculations, SF(LB-SM), with four effective interactions and their associated model spaces.
From the published angular distributions , which are of reasonable quality, we extracted 177 spectroscopic factors, SF(ADWA), for the Ni isotopes. These values are listed in Table I . When available, spectroscopic factors from the Evaluated Nuclear Structure Data File (ENSDF) compiled by the National Nuclear Data Center (NNDC) [48] are also listed in Table I in the last column. In general, SF(ENSDF) values are taken directly from the published values, which came from different experiments and might be analyzed differently using different optical potentials and different reaction models. As a result, these SF values may not be consistent with each other or with the results from the present work. Figure 1 compares the spectroscopic factors obtained in this work, SF(ADWA), (y-ordinate) to those listed in ENDSF (x-abscissa). The solid line indicates perfect agreement. Most of the ENDSF values are about 30% larger than the values obtained in the present work. (The spectroscopic factors for the data set 61 Ni(d,p) 62 Ni are not included in the comparison because of the discrepancies between the ENSDF and the values published in Ref. [30] . The second set of ENDSF values obtained from Ref. [49] for the same reaction does not have published angular distributions.)
Shell model calculations for Ni isotopes have been available since 1960's. In the early calculations [50, 51] , 56 Ni is assumed to be an inert core and the influence of core excitation was taken into account in the effective residual interaction between the valence nucleons in the pf -shell. With advances in computational capability, many new effective interactions, which are the key elements for successful predictions, have been proposed. The GXPF1A interaction, a modified version of GXPF1 with five matrix elements, involving mostly the p 1/2 orbitals, has been obtained by adjusting the parameters used in the interaction to the experimental data [52] . Another interaction KB3 [53, 54] has also been used to predict properties in the pf shell nuclei. The matching between the theoretical and experimental levels is based on the exact agreement of the quantum numbers (l, j ) and spin-parity J π of the transferred neutron and the approximate agreement of the energy of the states. In general, the agreement between energy levels is within 300 keV. Both of these calculations require full pf model space and intensive CPU cycles. Recently, a new T = 1 effective interaction for the f 5/2 , p 3/2 , p 1/2 , g 9/2 model space has been obtained for the 56 Ni-78 Ni region by fitting the experimental data of Ni isotopes from A = 57 to A = 78 and N = 50 isotones for 89 Cu to 100 Sn [55] . This interaction provides an improved Hamiltonian for Z = 28 with a large model space and new Hamiltonian for N = 50. It has been mainly used to describe heavier Ni isotopes using a 56 Ni core. Following the convention established in Ref. [56] , this new interaction is called JJ4PNA in the present work. (The same interaction was called XT in Ref. [11] and NR78 in Ref. [57] .) The predictions from the JJ4PNA interaction [55] , using the OXBASH code [58] , as well as predictions from the GXPF1A interaction using the ANTOINE code [59] are listed in Table II .
Only limited numbers of states with excitation energy larger than 3 MeV have been calculated with the GXPF1A interaction because of the difficulties in identifying the states at high excitation energy and the CPU time required to do the calculations. Furthermore, all the states in fp shell have the same parity assignments ("−" for odd and "+" for even nuclei). On the other hand, more states are calculated and identified with the JJ4PNA interaction. In both calculations, the number of states, which have corresponding matched states Table I .
To demonstrate the sensitivity of the spectroscopic factors to interactions used in the shell model calculations, we first obtained the ground state neutron spectroscopic factors with the Auerbach interactions [50] and JJ4PNA interactions [55] using the OXBASH code [58] . For calculations with GXPF1A and KB3 interactions we use the m-scheme code ANTOINE [59] . This is consistent with the observation that with the improved modification in the monopole and pairing matrix elements of the Hamiltonian, the GXPF1A interaction is better than KB3 for the lighter isotopes around 56 Ni [61, 62] . This overall agreement with the results from GXPF1A interaction, is consistent with the trends established in nuclei with Z = 3-24 [13] . Such agreement is in contrast to spectroscopic factors obtained from knockout reactions, which are quenched with respect to the shell model predictions depending on the neutron separation energy [60] . The same disagreement is also observed here. For the ground state of the 57 Ni nucleus, the extracted spectroscopic factor from transfer reaction obtained in the present work is 0.95 ± 0.29 but the spectroscopic factor from knockout reaction is 0.55 ± 0.11 [2] while the best shell model prediction is 0.78 as discussed above. Currently there is no satisfactory explanation why the spectroscopic factors obtained in transfer reactions should be different from spectroscopic factors obtained from knockout reactions. Resolving such ambiguity may shed lights to the reaction mechanisms in transfer and knockout reactions. Figure 3 shows the ratios of the experimental SF values to predicted SF values as a function of the energy levels for all the states we can identify in shell model calculations with GXPF1A interaction (top panel) and with JJ4PNA interaction (bottom panel). The solid lines (ratio = 1) indicate perfect agreement between data and theory. The states, which are predicted by calculations using either the GXPF1A or JJ4PNA interactions but not both, are represented by the symbols with double edges. The current analysis yields spectroscopic factors that cluster around the large-basis shell model predictions. Based on experimental errors, the expected scattering of the data should be around 30%, within the dashed lines above and below the solid lines.
054611-6 Fig. 2 ) and the light Ni isotopes (A < 60), the scatter of the ratios in Fig. 3 is similar in both calculations. Since the discrepancy between the data and the predictions significantly exceeds the experimental uncertainties shown by the error bars, the inaccuracies in the predictions mainly reflect the ambiguities in the interactions used in the calculations.
Above 3.5 MeV, there are only three states matched with predictions using the JJ4PNA interactions. The ratios of spectroscopic factors obtained for 4.709 MeV (9/2 + ) and 5.429 MeV (9/2 + ) states of the 59 Ni nucleus, and 3.686 MeV (3/2 − ) state in 61 Ni are 7, 3, and 9, respectively. The spectroscopic factors for all of them disagree with the shell model predictions beyond the systematics plotted in Fig. 3 . This suggests that properties of single particle energy levels at high excitation energy are not well described by the shell models even though the centroid of single particle energy may be determined from calculations especially when the hole states are taken into account [9] .
More insights regarding the residual interactions may be obtained by combining the spectroscopic factors with energy level information. Each panel in Fig. 4 compares the experimental energy levels and SF values to corresponding values obtained from shell model calculations for one isotope using the GXPF1A and JJ4PNA interaction. The lengths of the horizontal bars represent the values of the spectroscopic factors. As described earlier, very few states above 2 MeV have been obtained in the full pf model space using GXPF1A interaction. Figure 4 only show states with energy levels up to 2 MeV of 57, 59, 61, 62, 63, 65 Ni nuclei. In the upper left panel of Fig. 4 , only three states have been measured for 57 Ni. The description of the data by both calculations is quite reasonable. In 61 Ni, the ordering of the states is not reproduced by calculations using any one of the two interactions. In general, shell model calculations tend to predict larger spectroscopic factors for the low-lying states, thus assigning larger single particle characteristics to these states. Due to the limitation of model space, no g 9/2 states (dashed lines in 63 Ni and 65 Ni nuclei) are predicted by calculations using the GXPF1A interactions.
In summary, neutron spectroscopic factors have been extracted for a range of Ni isotopes. The current set of measured spectroscopic factors provides an additional means other than energy levels to test the shell model interactions in the pf and (f 5/2 , p 3/2 , p 1/2 , g 9/2 ) model spaces. For the ground state neutron spectroscopic factors, the calculations based on the GXPF1A effective interaction in the full pf model space give the best agreement with the data. For the excited states of Ni isotopes beyond 60 Ni, the JJ4PNA effective interaction predicts the spectroscopic properties of these nuclei reasonably well. Agreement between data and shell model energy levels and spectroscopic factors deteriorates with excitation energy. For excited states below 3.5 MeV, the extracted spectroscopic factors cluster around the shell model values, but the agreement of the spectroscopic factors between data and calculations is not better than a factor of two. Since the experimental uncertainties are in the order of 20-30%, the data can be used to evaluate newer interactions in the pf and (f 5/2 , p 3/2 , p 1/2 , g 9/2 ) model spaces. Improvement of interactions in the pf model spaces will be important to understand structural properties of the double magic nuclei of 78 Ni.
